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SECTION  I 
INTRODUCTION 

^.1  OBJECTIVES 

The  Initial  phase  of  the  project  (Item  OOM^-was  the  development  of  a breadboard  circuit 
capable  of  performing  all  the  electrical  functions  of  a three-phase  frequency  converter*  , 
as  defined  in  Attachment  No.  1 of  the  contract. "^After  demonstration  of  three-phase  per- 
formance, the  work  scope  was  extended  (Item  0003)~to  further  develop  the  breadboard  cir- 
cuits to  produce  10  kW  of  single-phase  power  at  60  Hz  or  400  Hz. 

Concurrent  with  development  of  the  10  kW  frequency  converter,  Delco  developed  improved 
step  voltage  commutation  methods  for  a 100  kW  frequency  converter  under  MERDC  Con- 
tract No.  DAAK  02-72-C-0338.  Since  some  circuit  advances  were  applicable  to  the  10  kW 
frequency  converter,  the  work  scope  was  enlarged -fftem-0004).  to  incorporate  the  new  cir- 
cuits into  the  breadboard. 

After  three-phase  and  single-phase  performance  was  demonstrated,  an  additional  investiga- 
tion -flteirrOOWl' was  added  to  the  work  statement.  This  involved  demonstration  of  15  kVA 
three-phase  and  10  kVA  single-phase  operation  of  the  breadboard,  study  of  voltage  regula- 
tion methods  for  operating  the  frequency  converter  from  utility  power,  and  performance  of 
regulation  tests  with  a Delco-developed  voltage  regulation  system. 

Additional  inverter  circuit  developments  (Item  0006)  made  it  possible  to  replace  the  tran- 
sistor rtep  commutation  circuits  with  thyristor  circuits.  The  results  of  the  investigations 
and  developments  of  Item  0006  are  included  in  this  volume  of  the  contract  final  report... 

1.2  MAJOR  ACCOMPLISHMENTS  \ 

The  inverter  of  Item  0006  weighs  approximately  twenty  pounds  less  than  the  inverter  of 
Item  0001  and  produces  50%  more  power. 


The  following  components,  costing  about  $1600,  were  removed  from  the  inverter  circuit: 
4 Power  Transistors  4 Power  Zener  Diodes 


4 Driver  Transistors 


2 Power  Diodes. 
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The  following  components,  costing  about  $250,  were  added  to  the  inverter  circuit: 

2 Thyristors  1 Transformer 


2 Inductors 


4 20mfd  Capacitors. 


0 


Photographs  showing  the  transition  from  the  inverter  of  Item  0001  to  the  inverter  of  Item 
0006  are  shown  in  Figures  1 through  4* 

The  inverter  of  Item  0006  comes  much  closer  to  meeting  all  performance  requirements 
than  the  inverters  of  Items  0001  and  0005. 


I 

K 


0* 

► i 


,/ 


1.3  STATEMENT  OF  WORK 

Modification  P00008  amends  the  basic  contract  schedule  to  add  Item  0006  as  noted  below: 

A 

"0006  The  Contractor  shall  furnish  all  engineering,  labor,  tools,  services,  supplies, 
equipment  and  facilities  to  design,  install,  test  and  deliver  improved  performance,  lower 
cost  circuitry  mounted  in  the  10  kW  Frequency  Converter  furnished  as  CLIN  0001.  This 
work  effort  shall  include  but  not  be  limited  to: 

a.  Memory  Circuit  Redesign  - Widen  power  center  and  reduce  the  number 
of  steps  in  the  waveform. 

b.  Redesign  Step  Autotransformer. 

c.  Design  and  install  Thyristor-Capacitor  Commutation  Circuitry. 

d.  Investigate  and  improve  short  circuit  and  60  Hz,  Single-Phase  Performance. 

e.  Reduce  Overall  Weight  - Incorporate  circuit  design  changes  where  appropriate. 

f.  Perform  Design  Demonstration  Performance  Tests  - Tests  shall  be  in 
accordance  with  Attachment  No.  3 and  shall  also  include  maximum  power 
checks  and  tests  necessary  to  enable  a design  extrapolation  to  100  kW. 

g.  Document  all  technical  effort  and  data  for  inclusion  in  final  technical 
report. " 


* Illustrations  begin  on  page  26. 
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1.4  SUMMARY  OF  RESULTS 

The  Item  No.  0006  inverter  has  been  tested  to  a power  level  of  27  kVA  compared  with  a 
maximum  power  of  20  kVA  for  the  circuit  that  used  step  transistors.  The  maximum  power 
of  the  Item  No.  0006  inverter  has  not  been  measured  thus  far  because  of  the  limitations  of 
the  laboratory  power  source. 

Compared  to  the  previous  design,  the  Item  No.  0006  inverter  has  these  characteristics: 


s No  power  transistors,  driver  transistors,  or  Zener  diodes 

• Lower  cost 

• Higher  power  capability 

• Higher  reliability 

• More  commonality  of  power  switch  devices. 

1.4.1  Results  of  Task  a 


A new  waveform  was  designed  with  these  characteristics:  110°  wide  power  center,  10° 
wide  steps,  total  harmonic  content  5.6%.  This  waveform  permitted  the  removal  of  one 
set  of  steps  from  the  step  forming  autotransformer,  resulting  in  the  elimination  of  four 
thyristors.  The  new  logic  circuit  uses  read-only  memories  with  a total  cost  of  $75  com- 
pared with  $800  for  the  previous  logic  circuit. 

l 

1.4.2  Results  of  Task  b 
— 

A new  step  forming  autotransformer  was  designed  for  the  110°  power  center  waveform. 

This  transformer  was  assembled  with  E-I  laminations  and  will  be  less  expensive  to  manu- 
facture than  the  C-core  type  transformer  previously  used. 


F . 1.4.3  Results  of  Task  c 

Thyristor-capacitor  commutation  for  the  step  circuits  successfully  replaced  the  transistor 

| *•  , 

I > commutation  step  circuits. 

h 
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conditions  at  the  inverter  output.  With  the  Item  0005  inverter,  60-Hertz,  single-phase 
power  was  limited  primarily  by  the  step  switching  transistors.  The  thyristor  step  com- 
mutation circuit  permits  single-phase  power  outputs  greater  than  10  kVA. 

1.4.5  Results  of  Task  e 

Replacing  the  step  switching  transistors  with  the  thyristor  step  commutation  circuit  re- 
sulted in  a total  inverter  weight  reduction  of  approximately  20  pounds. 

1.4.6  Results  of  Task  f 

Tests  were  performed  in  accordance  with  contract  Attachment  No.  3 and  included  maximum 
power  checks  and  tests  necessary  to  permit  a design  extrapolation  to  100  kW.  Maximum 
power  tests  up  to  27  kVA  were  conducted  at  60  Hz  and  400  Hz,  three  phase.  The  performance 
tests  indicate  that  all  performance  specifications  can  be  met.  However,  verification  of 
efficiency  measurements  should  be  made  because  of  inherent  errors  in  the  method  of  meas- 
urement used.  It  is  felt  that  the  results  of  the  measurements  made  during  the  investiga- 
tion are  conservative. 

Inverter  characteristics  such  as  deviation  factor  and  maximum  short  circuit  current  capa- 
bility can  be  easily  changed.  Deviation  factor  is  a function  of  input-output  filter  energy 
storage.  Short  circuit  current  capability  is  a function  of  commutation  circuit  energy  storage. 

1.4.7  Results  of  Task  g 

All  technical  data  are  documented  in  Appendix  A. 
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SECTION  II 
PROJECT  DETAILS 

2.1  DESCRIPTION  OF  NEW  INVERTER  SUBSYSTEMS 

The  technical  effort  of  Item  0006  resulted  in  modifications  of  the  inverter  power  switch 
assembly  and  the  memory  timing  circuits. 

2.1.1  400  Hz  Inverter 

Figure  5 is  a schematic  diagram  of  the  Item  0006  400  Hz  inverter  circuit.  This  circuit 
operates  on  the  principle  of  "power  factor  correction. " The  output  filter  capacitance  value 
is  large  enough  so  that  the  inverter  current  leads  the  output  voltage  by  more  than  35  degrees 
for  all  rated  load  conditions.  The  development  of  this  circuit  is  described  in  Volume  I of 
this  report. 

The  power  center  thyristor  commutation  energy  is  supplied  by  voltage  source  VD  as  shown 

D 

in  Figure  5.  In  previous  circuits  part  of  the  commutation  energy  was  supplied  by  a winding 
on  the  step  autotransformer.  Making  the  power  center  thyristor  commutation  circuit  inde- 
pendent of  the  step  autotransformer  improves  commutation  for  non-symmetrical  short 
circuit  currents.  Figures  6 through  8 are  photographs  that  show  the  bottom,  top,  and  side 
views  of  the  Item  0006  inverter. 

2.1.2  60  Hz  Inverter 

A schematic  diagram  of  Item  0006  60  Hz  inverter  circuit  is  shown  in  Figure  9.  The  signi- 
ficant developments  for  the  60  Hz  inverter  are  the  step  voltage  commutation  circuit  and 
the  commutation  boost  circuit.  The  thyristor  step  commutation  circuit  made  it  possible  to 
eliminate  starvation  commutation  transistors  with  resultant  lower  circuit  cost  and  higher 
reliability.  The  commutation  boost  circuit  supplies  energy  to  turn  off  the  step  thyristors 
and  the  power  center  thyristors  during  short  circuit  conditions.  This  circuit  also  has  the 
advantages  of  supplying  constant  commutation  energy  for  all  values  of  inverter  input  voltage 
or  load.  A side  view  of  the  60  Hz  inverter  with  the  required  output  filter  capacitors  is 
shown  in  Figure  10. 
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2. 1.2.1  Explanation  of  Step  Commutation  Circuit 

Current  is  transferred  from  one  voltage  level  to  another  by  a two-step  commutation  se- 
quence. Assume  that  in  Figure  11,  thyristors  SCR2  and  SCRa  are  conducting  current  to 
the  load,  that  the  transformer  polarity  is  positive,  and  that  capacitor  C is  charged  as  indi- 
cated. In  order  to  transfer  the  load  current  to  level  1,  SCRb  and  SCR1  are  gated  on.  The 
discharge  of  capacitor  C reverse  biases  SCRa  and  turns  it  off.  SCR2  is  turned  off  by  the 
reverse  voltage  ringup  of  capacitor  C,  which  leaves  it  charged  at  the  proper  voltage  polarity 
for  the  next  step  change  to  level  O.  Load  current  continues  to  flow  through  SCR1  and  SCRb. 

The  Item  0006  inverter  generates  two  sets  of  step  voltages  which  are  defined  as  Y and  X 
functions  as  illustrated  in  Figure  12.  These  functions  have  a fundamental  frequency  three 
times  that  of  the  inverter  output  voltages.  The  step  widths  and  heights  of  the  Y and  X 
functions  are  derived  from  the  110  power  center  waveform  described  in  the  Memory  Timing 
Section  of  this  report.  The  required  commutation  capacitor  voltage  polarities  to  commutate 
each  step  are  also  defined  in  Figure  12. 

Figures  13a  and  13d  illustrate  step  voltage  circuits  that  can  generate  Y and  X voltage  func- 
tions for  all  load  voltage  and  current  conditions  defined  in  Tables  I and  II.  Load  currents 
must  flow  through  either  free  commutation  or  auxiliary  commutation  circuits  in  accordance 
with  the  definitions  of  the  Y and  X voltage  functions. 

Operation  of  the  auxiliary  commutation  double  bus  stepchanging  circuit  is  illustrated  in 
Figures  14  through  17. 

Y Function 

A portion  of  the  Y function  step  forming  circuit  is  shown  in  Figure  14a.  On  the  left  side 
of  the  step  transformer  is  shown  the  free  commutation  step  selector  thyristors.  On  the 
right  is  shown  the  step  selector  thyristors  that  require  an  auxiliary  commutation  circuit. 

The  right  side  thyristors  are  connected  alternately  to  two  separate  busses  (a)  and  (b). 

The  auxiliary  commutation  circuit  consists  of  thyristors  SCRa  and  SCRb  and  capacitor  C. 
Capacitor  C is  charged  as  indicated  and  load  current  is  flowing  through  thyristors  SCR1 
and  SCRa. 
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Table  I.  Methods  of  Commutation  for  Steps  Formed  by  the  Y Function 
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Turning  on  SCRb  causes  capacitor  C to  discharge  and  reverse  biases  SCRa  (see  Figure 
14b).  Load  current  then  transfers  from  bus  (a)  to  bus  (b).  The  current  of  capacitor  C 
takes  three  paths:  it  supplies  load  current,  it  forces  current  to  flow  through  the  non- 
conducting thyristor  of  step  1 during  resonant  discharge,  and  it  forces  reverse  current  to 
flow  through  SCRa  during  the  junction  recovery  interval.  At  this  time  the  capacitor  is  in 
series  with  the  load. 


(See  Figure  14c. ) At  this  time  SCRa  is  off.  SCRO  thyristors  are  triggered  on  causing 
capacitor  C to  be  clamped  across  voltage  source  and  to  resonant  charge  through  a 

current  path  that  flows  through  SCR1,  SCRb,  and  SCRO.  Capacitor  C charges  to  a voltage 


K is  a function  of  the  Q of  the  resonant  charge  circuit  and  a function  of  load  cur- 


rent and  must  be  greater  than  unity.  When  the  capacitor  is  fully  charged  it  reverse  biases 


SCR1  causing  it  to  turn  off.  The  capacitor  now  has  a sufficient  energy  with  the  proper 
voltage  polarity  to  commutate  the  next  voltage  step.  Load  current  now  proceeds  to  flow 


through  SCRO  and  SCRb,  as  shown  in  Figure  14d. 


Figure  18a  shows  gate  trigger  timing  for  SCR1,  SCRO,  SCRa,  and  SCRb  during  the  com- 
mutation sequence  illustrated  in  Figure  14.  The  time  relationship  between  the  tum-on  of 
SCRb  gate  and  the  removal  of  gate  drive  from  SCR1  is  defined  as  Apsec.  For  the  Item 
0006  60  Hz  inverter  A equals  35  psec. 

Figures  15  and  16  illustrate  transfer  of  current  from  one  voltage  level  to  another  for  all 
other  Y and  X function  step  voltage  and  current  conditions.  The  same  step  commutation 
principles  apply  for  all  these  cases  as  for  Figure  14. 


2. 1.2. 2 


alanation  of  Commutation  Boost  Circuit 


The  thyristor  reverse  voltage  step  commutation  circuit  provides  the  basic  mechanism  for 
turning  off  the  step  thyristors.  Commutation  capacitor  energy  sources  are  the  step  voltage 
taps  of  the  autotransformer.  Hence  commutation  energy  varies  with 

1)  The  dc  voltage  applied  to  the  inverter 

2)  The  step  voltage  magnitude 

3)  The  inverter  load  current. 

When  commutation  energy  is  obtained  only  from  the  step  transformer  voltage  taps  the  in- 
verter cannot  function  with  short  circuit  loads  and  cannot  start  with  large  loads. 
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A commutation  circuit  is  required  in  which  the  energy  stored  in  the  commutation  capacitor 
is  essentially  constant  and  independent  of  inverter  load  or  input  voltage.  The  commutation 
boost  circuit  performs  this  function. 

Figure  19a  is  a schematic  diagram  of  the  basic  step  voltage  commutation  circuit.  Required 
is  a source  of  commutation  voltage  that  is  available  for  each  step  commutation  cycle  at  the 
proper  polarity.  The  energy  transferred  during  each  commutation  cycle  should  be  constant. 
These  requirements  are  met  by  the  circuit  of  Figure  19b  that  shows  the  energy  source  cir- 
cuit connected  to  the  step  commutation  circuit.  These  circuits  operate  as  synchronous 
twin  resonant  loops  with  a common  inductor  L^.  Since  the  Y and  X voltage  steps  for  the 
110°  wide  power  center  waveform  used  in  the  inverter  change  at  the  same  time,  both  left 
and  right  steps  are  commutated  with  energy  from  the  same  boost  voltage  circuit. 


Figure  20  shows  the  double  resonant  circuits  in  equivalent  circuit  form.  The  instant  that 
thyristors  B and  Rgg  are  turned  on  the  voltages  of  capacitors  Cg  and  add  to  provide 
a fast  rise  commutation  current.  Both  capacitors  discharge  through  the  step  thyristor 

commutation  loop.  Capacitor  C_,  charges  to  a voltage  determined  by  the  boost  voltage 

^ 2 
Vg.  Energy  contributed  by  the  step  voltages  or  load  current  that  exceeds  1/2  * K * Vg 

is  transferred  via  voltage  developed  across  inductor  and  is  subtracted  from  the 
energy  supplied  by  the  boost  circuit. 


Figure  21  shows  the  important  voltage  and  current  waveshapes  in  the  step  commutation 
and  boost  voltage  circuits. 


Equivalent  commutation  circuits  before  and  during  the  commutation  sequence  are  illustrated 
in  Figures  22a  and  22b.  The  complete  step  commutation  circuit  for  the  Y and  X step  cir- 
cuits is  shown  in  the  schematic  diagram  of  Figure  23.  Inductors  L2  are  wound  on  a common 
permalloy  core  to  couple  energy  from  one  step  commutation  circuit  to  the  other.  This 
energy  coupling  assures  equal  commutation  currents  for  both  step  circuits  by  compensating 
for  slight  differences  in  circuit  resistances  and  Q. 

2.1.2. 3 Power  Center  Commutation  C.T.  Transformer 


Figures  24  and  25  are  schematic  diagrams  of  a power  center  thyristor  commutation  circuit 
loop.  The  difference  between  the  two  diagrams  is  the  current  transfer  (C.  T. ) transformer 
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In  Figure  24.  The  C.T.  transformer  is  an  autotransformer  with  a turns  ratio  of  1:5. 

The  transformer  action  reduces  current  flow  in  the  power  center  thyristor  bypass  diode 
and  consequently  reduces  the  maximum  current  flow  in  the  commutation  capacitor  C^. 
Photographs  of  bypass  diode  current,  capacitor  current,  and  reverse  commutation  volt- 
ages are  also  shown  in  Figures  24  and  25.  Use  of  the  C.T.  "-ansformer  reduces  bypass 
diode  current  from  95  amperes  to  about  45  amperes  at  a load  of  16  kW,  PF  = 0. 8,  as 
illustrated  in  the  current  waveform  photographs. 

2.1.3  Memory  Timing  Circuit 

The  gate  trigger  time  for  each  thyristor  in  the  inverter  schematic  circuits  of  Figures  5 
and  9 is  controlled  by  the  output  of  a read-only  memory  circuit.  Five  256  bit  (32  x 8) 
memory  chips  are  programmed  on  the  basis  of  the  computer  optimized  waveform  defined 
by  the  drawing  of  Figure  26.  This  waveform  has  the  following  characteristics:  the  power 
center  is  110°  wide,  each  step  is  equal  and  10°wide,  there  is  a 10°  wide  zero  dwell  time. 
The  total  harmonic  content  (excluding  triplens)  to  the  250th  harmonic  is  5.6%.  The  center 
step  frequency  is  the  36th  harmonic.  The  non-triplen  harmonics  greater  than  1%  are  the 
7th,  35th  and  37th.  Figure  27  is  a chart  showing  the  magnitudes  of  all  non-triplen  har- 
monics up  to  the  41st.  Step  voltage  relationships  between  two  phases  are  shown  in  Figure 
28.  The  third  step  on  the  left  and  right  sides  of  the  power  center  are  on  simultaneously. 
Step  changes  on  the  left  and  right  sides  are  made  synchronously  at  a 10°  step  rate. 

The  waveform  design  for  the  three  phase  format  is  illustrated  in  Figure  29.  This  three 
phase  waveform  is  used  to  design  the  inverter  master  timing  chart  of  Figure  30.  Each 
thyristor  switch  in  the  inverter  circuit  is  designated  on  the  left  and  the  sequence  of  gate 
trigger  signals  are  shown  as  a function  of  waveform  degrees  up  to  365  degrees. 

Information  on  the  timing  chart  is  utilized  to  organize  the  memory  timing  circuit  in  the 
block  diagram  of  Figure  31.  Sets  of  thyristors  are  assigned  to  specific  programmable 
read-only  memory  chips;  each  memory  is  controlled  and  synchronized  by  appropriate 
counter  and  delay  circuits. 

The  memory  timing  circuit  is  constructed  with  five  volt,  medium  power  TTL  integrated 
circuits  and  programmable  read-only  memories.  The  output  of  a 3.456  MHz  crystal 
oscillator  is  divided  to  produce  a clock  frequency  of  8.64  kHz  for  60  Hz  operation  or  , 
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57.6  kHz  for  400  Hz  operation  as  shown  in  the  schematic  diagram  of  Figure  32a.  Clock 
pulses  are  fed  into  counters  (Figure  32b)  which  address  the  read-only  memories  that 
synchronously  output  thyristor  gate  drive  signals.  Figure  33  is  a photograph  of  the  com- 
plete memory  timing  circuit. 

Photographs  of  unfiltered  voltage  outputs  for  the  inverter  at  60  Hz  operation  are  shown 
in  Figures  34  through  38.  Measurements  of  total  harmonic  content  and  individual  harmonics 
of  the  inverter  output  voltages  are  listed  in  Table  III  and  can  be  compared  to  the  computer- 
calculated  harmonics  tabulated  in  the  last  column.  Note:  there  is  a very  close  corre- 
spondence between  the  computer  and  measured  harmonic  content  values. 


Comparisons  of  the  individual  harmonics  for  the  waveforms  of  the  inverters  of  Item  0005, 
Item  0006,  and  a new  ME RDC -designed  waveform  can  be  made  from  the  tabulations  of 
Table  IV.  The  new  waveform  will  be  considered  in  future  inverter  designs  because  of  the 
lower  magnitudes  of  the  5th  and  7th  harmonics. 

2.2  CONCLUSIONS 

It  has  been  demonstrated  that  power  transistor  step  commutation  circuits  can  be  replaced 
by  thyristor  commutation  circuits.  Consequently,  the  power  ratings  of  power  center  in- 
verters are  no  longer  limited  by  transistor  current  ratings.  It  appears  that  practical  in- 
verter power  ratings  of  100  kW  can  be  achieved. 

All  tasks  of  Item  0006  were  completed.  A new  110°  wide  power  center  waveform  was 
demonstrated.  New  power  center  thyristor  commutation  circuits  were  developed.  A new 
step  autotransformer  using  E-I  laminations  was  fabricated  and  tested. 

Tests  were  performed  in  accordance  with  contract  Attachment  No.  3 and  included  maximum 
power  checks  and  tests  necessary  to  enable  design  extrapolation  to  100  kW.  The  performance 
tests  tabulated  in  Appendix  A indicate  that  all  performance  specifications  can  be  met.  How- 
ever, verification  of  efficiency  measurements  should  be  made. 

2.3  RECOMMENDATIONS 

Additional  development  work  in  the  following  areas  will  lead  to  either  lower  circuit  cost  or 
to  improved  output  waveform  quality. 

• Triplen  attenuator  design  • Simplification  or  elimination  of 

• Input-output  filter  design  T +,  T “ circuit. 

c c 
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HARMONIC 

NUMBER 

FREQUENCY 

Hz 

PERCENT 

MEASURED 

L-T-N 

OF  FUNDAMENTAL 
MEASURED  COMPUTED 

L-T-L  L-T-N 

100.0 

18.03 

0.98 

1.46 

3.24 

0.96 

0.21 


* Measurements  made  at  output  of  trlplen  attenuator.  Load  = 11  kW 
PF  = 1.0.  1 MFD  Cap.  L-T-N.  Measured  THD  = 5.3%.  Computer 
Designed  waveform  THD  = 5. 6%. 


Table  III.  110°  Wide  Power  Center,  10°  Wide  Step  Waveform 


Item  No.  0005 
Waveform 

Item  No.  0006 
Waveform 

MERDC 

Waveform 

Power  Center  Width 

99° 

110° 

103.7 

Step  Width 

9° 

10° 

10.9 

No  L-N  Voltage  Levels 

6 

5 

5 

Harmonic  Distortion 
(Excluding  Triplens) 

4.2% 

5.6% 

5.0% 

Voltage  as  % 

Harmonic 

of  Fundamental 

• . ■ ■ 1 

1 

100.0 

100.0 

BnPTTrT® 

3 

16.2 

18.03 

5 

0.19 

0J98 

7 

0.61 

1.46 

mBmzL'mMsaa 

9 

1.06 

3.24 

11 

0.65 

0.96 

0.85 

13 

0. 51 

0.21 

0.51 

15 

0.40 

1.17 

0.70 

17 

0.36 

0. 65 

0.24 

19 

0.33 

0.54 

0.61 

21 

0.27 

0.  86 

0.07 

23 

0.30 

0. 16 

0.54 

25 

0.22 

0.43 

0.07 

27 

0.27 

0.15 

0.29 

29 

0.22 

0. 35 

0.69 

31 

0.34 

0.12 

2.49 

33 

0.11 

1.63 

3.28 

35 

0.01 

2. 88 

2.25 

37 

1.28 

2.71 

0.58 

39 

2.59 

1.37 

0.20 

41 

2.45 

0.10 

0.03 

43 

1.10 

0.22 

0.29 

45 

0.02 

0. 08 

0.04 

47 

0.07 

0.22 

0.24 

49 

0.21 

0.07 

51 

0.12 

0.34 

0.20 

53 

0.13 

0.19 

0.13 

55 

0.09 

0.19 

0.16 

57 

0.12 

0. 30 

0.17 

59 

0.09 

0.05 

0.10 

61 

0.10 

0.16 

63 

0.09 

0.05 

k Table  IV.  Comparison  of  Harmonic  Distribution  for 

» Three  Waveform  Designs 
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Figure  1.  Item  0001  Inverter  Power  Switch  Assembly 
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Figure  5.  400  Hz  Inverter  Circuit 
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Figure  9.  60  Hz  Inverter  Circuit 
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Item  0006  Inverter  Showing  Addition  of  60  Hz  Output 
Filter  Capacitors 
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Figure  11.  Double  Bus  Step  Changing  Circuit 


Diagram  Showing  the  Capacitor  Voltage  Polarities  Required  to  Commutate  Each 
Step  for  the  Y and  X Functions 
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Figure  13.  Y and  X Step  Function  Circuits 
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Figure  14.  Y Function.  Transferring  Current  from  SCR1  to  SCRO. 
Load  Voltage  and  Current  Flow  Positive 
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LOAD  CURRENT  TRANSFERS  s LOAD 
FROM  BUS  (b)  TO  BUS  (a)  i 

Fig.  15b 
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Figure  15.  Y Function.  Transferring  Current  from  SCRO  to  SRC1.  Load 
Voltage  Negative;  Current  Flow  Positive 
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Figure  16.  X Function.  Transferring  Current  from  SCRO  to  SCR1.  Load 
Voltage  Positive;  Current  Flow  Negative 
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Figure  19a.  Basic  Step  Voltage 

Commutation  Circuit 


Figure  19b.  Method  of  Obtaining  Boost  Voltage 
for  Step  Commutation  ^ 
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CURRENT  200  A/DIV. 
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11  kW,  PF  - 0.8  LOAD 


Figure  21.  Voltage  and  Current  Waveforms  for  the  Commutation  Boost  Circuit 
(Sheet  1 of  6) 
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(f)  INDUCTOR  L1  CURRENT 
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10  mSEC/DIV. 

11  kW,  PF  - 0.8  LOAD 


Figure  21.  Voltage  and  Current  Waveforms  for  the  Commutation  Boost  Circuit 
(Sheet  2 of  6) 


R75-3 


44 


DELCO  ELECTRONICS  DIVISION  • SANTA  BARBARA  OPERATIONS  • GENERAL  MOTORS  CORPORATION 


UPPER  INDUCTOR  L1  VOLTAGE 
TRACE  SO  V/DIV. 


UPPER  INDUCTOR  L«  VOLTAGE 
TRACE  50  V/DIV. 


W LOWER  COMMUTATION  CAPACITOR  Cc 
TRACE  CURRENT  100  A/DIV. 

10  mSEC/DIV. 

0 INPUT  VOLTAGE  TO  INVERTER 


(h)  LOWER  COMMUTATION  CAPACITOR  Cc 
TRACE  CURRENT  100  A/DIV. 

10  m SEC/DIV. 

11  kW  PF  * 0.8  LOAD 


UPPER  TRANSFORMER  To  SECONDARY  UPPER 

TRACE  VOLTAGE  50  V/DIV.  TRACE 


(i)  LOWER  TRANSFORMER  To  SECONDARY  (l)  LOWER 
TRACE  CURRENT  100  A/DIV.  TRACE 

10  MSEC/DIV. 

0 INPUT  VOLTAGE  TO  INVERTER 


Figure  21.  Voltage  and  Current  Waveforms  for  the 
(Sheet  3 of  6) 
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Figure  21.  Voltage  and  Current  Waveforms  for  the  Commutation  Boost  Circuit 
(Sheet  4 of  6) 
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Figure  21.  Voltage  and  Current  Waveforms  for  the  Commutation  Boost  Circuit 
(Sheet  5 of  6) 


3 


DELCO  ELECTRONICS  DIVISION  • SANTA  BARBARA  OPERATIONS  • GENERAL  MOTORS  CORPORATION 


UPPER 

VOLTAGE  ACROSS  THYRISTOR 

UPPER 

VOLTAGE  ACROSS  THYRISTOR 

TRACE 

Rs*  FOR  THIRD  STEP  LEVEL 
100V/DIV. 

TRACE 

M 

LOWER 

TRACE 

Re*  FOR  THIRD  STEP  LEVEL 
100V/DIV. 

LOWER 

TRACE 

Re* CURRENT 

iooa/div. 

Re* CURRENT 
IMA/DIV. 

100  mSEC/DIV.  NO  LOAD 

100  /iSEC/DIV. 

11  kW,  PF  « 0.8  LOAD 

(t)  SAME  AS  (r)  BUT  TIME  - 10^SEC/DIV. 


(u)  SAME  AS  (t)  BUT  TIME  - IQ^SEC/DIV. 


Figure  21.  Voltage  and  Current  Waveforms  for  the  Commutation  Boost  Circuit 
(Sheet  6 of  6) 
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Figure  22a.  Equivalent  Commutation  Circuit  When  Current 
Flows  through  Rg  ^ 


Figure  22b.  Equivalent  Commutation  Circuit  When  Rg„  Turns  on 
to  Commutate  Rc^  and  Transfer  Load  Current  to 
Another  Step  Voltage  level 


Figure  23.  Complete  Step  Voltage  Commutation  Circuit 
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Figure  24.  Original  Power  Center  Thyristor  Tum-Off  Circuit 
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Figure  25.  Power  Center  Thyristor  Turn-Off  Circuit  with  C.  T.  Transformer 
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Figure  26.  Computer  Calculated  Waveform  Design  110°  Wide  Power  Center, 
10°  Wide  Steps,  Zero  Dwell  Line-to-Neutral  THD  = 19.14% 
Line-to-Line  THD  = 5.6% 
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Figure  27.  Individual  Non-Triplen  Harmonics  Computed  for  the  110° 
Wide  Power  Center  Waveform 
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Figure  32b.  110  Wide  Power  Center  Memory 
Timing  Circuit 


Figure  34.  110  Wide  Power  Center  Line-to-Neutral  Voltage 
Generated  by  the  Item  0006  Inverter 


Figure  35.  Top  Trace:  Input  to  Trlplen  Attenuator.  Bottom  Trace:  Output 
of  Trlplen  Attenuator 


Figure  36.  Unfiltered  Line-to-Neutral  Voltage 


Figure  37.  Unflltered  Line-to-Line  Voltage 


Figure  38.  Three  Phase  Line-to-Line  Inverter  Output  Voltage 
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DC  LINK  INVERTER  FOR  ARMY  POWER  CONDITIONER  REQUIREMENTS 
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Mobility  Equipment  R&D  Center  (MERDC) 


ABSTRACT 

This  paper  describes  the  12.5  kVA  dc  link  inverter  being  devel- 
oped by  Delco  Electronics  — Santa  Barbara  Operations  for  USA 
MERDC,  Ft.  Belvoir,  Virginia,  Hie  inverter  can  produce  120/ 
208  volts  three-phase,  120  volts  single-phase,  or  120/240  volts 
single-phase  power  at  60  or  400  Hz.  It  has  an  efficiency  of  84 
to  94%  and  a breadboard  weight  of  150  pounds.  Based  on  a 
patented  design  concept  (No.  3,725,767),  the  inverter  gener- 
ates stepped  wave  and  square  wave  voltage  segments  which  are 
combined  as  a three-phase  composite  to  produce  line-to-line 
waveforms  of  4%  total  harmonic  content  before  filtering. 

Study  results  show  that  the  basic  inverter  concept  can  take 
several  circuit  forms,  and  can  be  developed  with  ratings  up  to 
100  kVA.  The  inverter  is  being  developed  as  a candidate  for 
the  Army  15  kVA  general  purpose  power  conditioner,  end  as 
such  must  conform  to  MIL-STD-1332B  and  MIL-STD-461A. 


INTRODUCTION 

The  United  States  Army  Mobility  Equipment  Research  and 
Development  Center  (MERDC)  is  sponsoring  development  of 
a family  of  “stand  alone”  electric  power  conditioners.  Of  the 
approaches  available  the  dc  link  inverter  appears  highly  feasible 
in  the  3 to  300  kVA  power  range.  Part  of  this  effort  is  being 
performed  by  the  Delco  Electronics— Santa  Barbara  Operations 
under  Contract  DAAK  02-72-C-0210. 


Development  of  the  dc  link  inverter  concept  has  been  concen- 
trated in  the  medium  power  range  (15  - 30  kVA)  wherein  most 
immediate  Army  requirements  lie.  Study  results  clearly  show 
the  feasibility  and  utility  of  this  approach  for  high  power  range 
( 100  kVA)  applications,  and  the  significant  circuit  improve- 
ments attainable. 

The  family  of  power  conditioners  envisioned  by  the  Army  will 
supply  multifrequoncy  (60  Ha/400  Hz)  outputs  at  multivoltages 
(190/908  volts,  three  phase  for  all  ratings,  and  in  addition  120/ 
940  volts,  sin^a  phase  for  ratings  below  15  kVA),  and  function 
m unintemiptaMe  power  systems  (UPS)  when  a suitable  battery 
supply  is  added.  The  output  power  quality  will  conform  to 
MIL-8TD-1332B  even  though  the  input  power  is  of  leaser  quality, 
or  of  a special  type  (such  as  the  high  frequency  of  the  12.5  kVA 
turbo-alternator). 

Therefore,  the  power  conditioners  have  potential  usage  as: 

• Line  phase  converter  (16to  3 8or  vice  versa) 

• Frequency  converters  (60  to  400  Hz) 

• Precision  power  sources,  operating  from  utility  grade 


e Uninterruptable  power  systems 
e Special  purpose  systems  (such  as  a turbo-alternator 
frequency  changer) 

A paper  * describing  the  work  undertaken  to  develop  a power 
conditioner  for  the  turbo-altemator  application  was  presented 
to  the  1973  PESC.  This  work  showed  the  suitability  of  the 
Delco  approach  for  general  purpose  power  conditioners.  Add- 
itional efforts  toward  this  application  are  described  below. 

BASIC  THREE-PHASE  INVERTER 

The  basic  inverter  concept  is  a three-phase,  four-wire  system 
consisting  of  power  switching  circuits  that  generate  x,  y,  and 
center  functions,  as  defined  by  the  voltage  waveform  in  Figure  1. 


LINE-T0-  NEUTRAL  VOLTAGE 

Figure  1.  Delco  Power  Conditioner  Block  Diagram 

Figure  2 is  an  oscilloscope  trace  of  the  flat  topped  waves  gene- 
rated in  a three-phase,  line-to-neutral  voltage  pattern.  The 
waveform  has  a total  harmonic  content  of  16.9%  and  consists 
of  only  odd  harmonics.  Removal  of  the  third  harmonic  (16.02%), 
and  all  remaining  triplens,  reduces  total  harmonic  content  to  4.2%. 

Individual  harmonics  of  the  inverter  waveform  are  shown  in 
Table  I.  Note  the  low  values  of  the  fifth  and  seventh  harmonics. 
The  only  single  harmonic  of  significance  is  the  41st,  which  is 
generated  by  the  stepped  character  of  the  output  wave  and  is 
easily  filtered  out. 


*-TJ4.  Corry.  “A  New  Concept  for  Generating  TTiree-Pha 
Sine  Wave  Voltages  With  Semiconductor  Power  Switches." 
1973  PESC.  Record  pages  230-236. 


Figure  2.  Three-Phase  Line-to-Neutral  Voltages  Generated 
by  the  y,  x,  and  Center  Function  Circuits 
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Figure  3 is  a schematic  diagram  of  the  original  MERDC  12.5 
kVA  inverter  showing  the  y,  x,  and  center  function  circuits. 
Three-phase  power  is  rectified  and  filtered  at  the  input  of  the 
inverter.  The  inverter  consists  of  y,  x,  and  center  function 
circuits,  phase  selectors  and  output  filter. 

The  center  function  generator  is  a three-phase  thyristor  bridge 
circuit  through  which  as  much  as  80%  of  the  inverter  power- 
passes  directly  from  the  input  to  the  output.  The  remaining 
power  passes  through  the  y and  x step  forming  circuits,  con- 
sisting of  a tapped  autotransformer,  step  selector  switches  and 
a thyristor  circuit  that  energizes  the  autotransformer.  The 
phase  selectors  apply  the  stepped  voltage  waveforms  to  the 
proper  output  lines. 


Figure  3.  Original  MERDC  10  kW  Inverter  Breadboard  Circuit 


The  triplen  attenuator  and  zig-zag  transformer  shown  in  Figure 
3 form  a circuit  of  magnetic  components  that  removes  the  third 
harmonic  and  all  multiples  thereof  from  the  line-to-neutral  out- 
put voltages.  The  attenuator  is  three  isolated  windings  on  a 
common  “C”  core  that  function  as  current  limiting  impedances 
to  all  triplen  frequencies  in  the  three-phase  output  leads.  With 
balanced  loads,  the  harmonic  currents  in  the  three  windings 
caused  by  the  fundamental  and  all  odd  harmonics  other  than 
the  triplens  are  each  120°  out  of  phase.  They  cancel,  and 
therefore  do  not  induce  back-EMFs  in  the  winding.  Therefore, 
the  windings  appear  as  air  core  inductors  to  the  non-triplen 
frequencies  with  inductances  of  a few  microhenries.  Since  the 
inductance  is  low  to  the  fundamental,  stored  energy  is  low  and 
inverter  regulation  is  not  significantly  degraded.  In  contrast, 
triplen  harmonic  currents  are  additive  and  are  limited  in  mag- 
nitude to  the  core  magnetizing  current. 

While  the  triplen  attenuator  serves  as  a high  impedance  to  triplen 
currents,  the  zig-zag  autotransformer  presents  essentially  a short 
circuit  to  these  currents.  The  relative  impedances  of  the  triplen 
attenuator  and  the  zig-zag  transformer  are  such  as  to  reduce  the 
magnitude  of  the  third  harmonic  voltage  from  16.02%  at  the 


Table  I.  Harmonic  Content  of  the  MERDC  10  kW 
Inverter  Voltage  Waveforms 
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inverter  to  less  than  0.3%  at  the  output.  Hiis  reduction  is 
accomplished  with  relatively  small  investment  in  size  and  weight 
and  very  low  energy  storage.  The  oscilloscope  traces  in  Figures 
4a  and  4b  show  the  results  of  eliminating  the  triplen  harmonics 


from  the  line-to-neutral  voltages,  by  means  of  the  triplen  atten- 
uator and  zig-zag  transformers,  to  form  a nearly  sinusoidal  out- 
put voltage. 


Figure  4a.  Voltage  at  Input  of  Triplen  Attenuator 


Figure  4b.  Voltage  at  Output  of  Triplen  Attenuator 


THE  PROBLEM  OF  OBTAINING  SINGLE-PHASE  POWER 


As  well  as  producing  three-phase  power,  the  MERDC  breadboard 
inverter  is  now  required  to  produce  10  kW,  0.8  PF,  two-wire, 

120  volts  or  three-wire  120/240  volts,  at  60  Hz  or  400  Hz.  The 
problem  was  to  supply  this  load  unbalance  without  significantly 
degrading  voltage  output  quality,  efficiency,  or  transient  response. 
All  power  handling  components  in  the  inverter  are  sized  prin- 
cipally by  the  magnitude  of  the  load.  The  size  of  the  zig-zag 
transformer,  however,  is  determined  primarily  by  the  magnitude 
of  load  unbalance.  For  balanced  three-phase  loads,  the  zig-zag 
transformer  is  essentially  unloaded.  When  a single-phase  load 
is  connected  line-to-neutral,  the  transformer  maintains  currents 
in  the  windings  equal  to  one-third  the  load  current.  Thus,  the 
rating  of  the  zig-zag  transformer  is  a major  factor  in  determining 
the  magnitude  of  the  120  volts,  two-wire,  single-phase  loads  that 
are  acceptable.  Figure  5 depicts  the  vector  relationships  between 
line  currents  and  line-to-neutral  voltages  for  a 120V  single-phase 
load. 


Through  the  action  of  the  zig-zag  transformer,  current  is  forced 
to  flow  in  all  three  phases  of  the  inverter.  This  action  helps 


Figure  5.  Vector  Relationships:  Line  Currents  and  Line-to- 
Neutral  Voltages  for  a Single-Phase  Load  Connected 
to  the  Inverter  Output  Zig-Zag  Transformer 


maintain  voltage  balance  across  the  three  phases;  but  more 
important,  the  currents  in  the  unloaded  phases  are  forced  in 
magnitude  and  phase  angle  to  cancel  the  ampere  turns  in  the 
triplen  attenuator  core  due  to  the  fundamental  current  in  the 
loaded  phase.  In  Figure  5,  the  current  in  line  A is  2/3  the  load 
current,  and  is  in  phase  with  that  line-to-neutral  voltage.  Hie 
current  in  line  B is  1/3  the  load  current  and  lags  its  phase  vol- 
tage by  60°.  Two-thirds  of  the  load  power  is  delivered  by  line 
A and  1/6  of  the  power  is  delivered  by  each  of  lines  B and  C 
through  action  of  the  zig-zag  transformer.  Line  A carries  twice 
the  current  compared  to  rated  three-phase  loading. 


Thus  it  can  be  seen  that  single-phase,  120  volts,  two-wire  loading 
of  the  inverter  is  achievable  without  modifying  the  circuit  con- 
figuration, but  that  the  magnitude  of  the  unbalanced  load  is 
limited  primarily  by  the  volt-ampere  rating  of  the  zig-zag  output 
transformer.  The  single-phase  120/240  volts  output  is  not  in- 
herently available  to  the  basic  inverter  design.  However,  a single- 
phase autotransformer,  connected  line-to-line  and  tapped  to  pro- 
duce 120  volts,  two-wire  or  120/240  volts,  three- wire,  can  be 
designed  to  carry  rated  power  and  operate  efficiently  at  both 
60  and  400  Hz.  When  single-phase  loads  are  connected  line-to- 
line,  the  zig-zag  transformer  does  not  handle  the  unbalance  and 
is  essentially  unloaded.  Studies  and  tests  indicate  that  the  most 
efficient,  least  costly  method  of  obtaining  all  single-phase  power 
from  the  inverter  is  by  means  of  a single  autotransformer,  con- 
nected line-to-line,  with  taps  at  appropriate  points  on  the  wind- 
ings for  either  two-wire  or  three-wire  output.  Figure  6 shows  the 
transformer-to-inverter  connection  to  produce  120/240  volts, 

400  Hz,  single-phase  power.  Related  test  results  are  briefly 
summarized  in  the  Appendix.  The  inner  taps  are  used  for  400 
Hz  operation;  the  outer  taps  are  used  for  60  Hz  operation. 


SINGLE  PHASE 
TRANSFORMER 


Figure  6.  Connections  for  400  Hz,  Single-Phase, 
120/240  V,  Viree-Wire  Power 
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METHODS  OF  COMMUTATING  STEP  CURRENTS 


Prior  to  this  investigation  the  power  rating  of  the.  original  in- 
verter circuit  (Figure  3)  was  limited  primarily  by  the  current 
ratings  of  the  step  voltage  commutation  transistors.  Bread- 
boards capable  of  handling  peak  powers  of  30  kVA  have  been 
built  using  transistor  step  commutation.  However,  to  extend  the 
inverter  performance  to  the  100  kVA  region,  step  circuits  had 
to  be  developed  in  which  the  transistors  were  replaced  by  thy- 
ristors. To  describe  the  change  in  design  of  step  commutation, 
consider  the  following: 

If  the  y and  x step  functions  are  extracted  from  the  flat-topped, 
three-phase,  line-to-neutral  output  voltages,  they  appear  as  shown 
in  Figure  7a.  TTiese  functions  have  a fundamental  frequency 
uuee  times  that  of  the  output  voltages.  The  step  widths  and 
heights  of  the  y and  x functions  are  derived  from  computer- 
optimized,  stepped  waveforms. 
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Figure  7a.  Graphical  Definitions  of  y and  x Functions 


Figure  7b  shows  a basic  circuit  for  generating  the  y and  x step 
voltage  functions.  When  the  transformer  voltage  polarity  is 
positive,  the  y function  switches  start  at  step  4 and  generate 
voltage  steps  sequentially  down  to  the  zero  level  and  the  x 
function  switches  start  at  the  zero  level  and  generate  voltage 
steps  sequentially  up  to  step  4.  When  the  transformer 
polarity  is  negative  the  y function  switches  start  at  the  zero 
level  and  generate  negative  voltage  steps  to  step  4 and  the 
x function  switches  start  at  step  4 and  generate  negative 
voltage  steps  until  the  zero  level  is  reached. 


Illustrated  in  Figure  8 is  a step  forming  circuit  that  uses  thyristors 
to  change  voltage  levels,  plus  all  possible  combinations  of  voltage 
polarities  and  current  flows  for  the  y and  x functions.  Analysis 


of  thyristor  commutation  requirements  for  conditions  8a 
through  8h  indicates  that  all  required  step  changes  can  be 
achieved  with  two  basic  commutation  schemes.  Discussed 
below  are  methods  for  determining  the  appropriate  commuta- 
tion scheme  for  each  y and  x voltage  step  change  situation 
and  methods  for  configuring  an  improved  step  forming  circuit. 


Y Function 

In  Figure  8a,  with  voltage  and  current  flow  positive,  it  is  desired 
to  transfer  current  flow  from  SCR4  to  SCR3  in  accordance  with 
the  y waveform  defined  in  Figure  7a.  SCR3  is  maintained  biased 
off  by  the  conduction  of  SCR4;  therefore,  an  auxiliary  circuit 
is  required  to  commutate  SCR4. 

In  Figure  8b,  with  voltage  positive  and  current  flow  negative,  it 
is  desired  to  transfer  current  flow  from  SCR4  to  SCR3.  Turning 
on  SCR3  reverse  biases  and  turns  off  SCR4,  causing  transfer 
of  current  flow  to  SCR3.  Commutation  of  this  type  does  not 
require  auxiliary  turn  off  circuits  and  will  be  referred  to  as 
“free  commutation.” 

In  Figure  8c,  with  voltage  and  current  flow  negative,  it  is  desired 
to  transfer  current  flow  from  SCR3  to  SCR4.  Turning  on  SCR4 
reverse  biases  SCR3,  resulting  in  free  commutation.  In  Figure 
8d,  with  voltage  negative  and  current  flow  positive,  an  auxiliary 
commutation  circuit  is  required  to  transfer  current  flow  from 
SCR3  to  SCR4. 


(Positive  Current- — »•) 


Figure  8.  Basic  Thyristor  Step  Forming  Circuits 


Y FUNCTION 

STEP  VOLTAGE  & CURRENT 

STEP  TRANSFORMER 
VOLTAGE  POLARITY 

IN-PHASE 

OUT-OF-PHASE 

+ 

AUX.  COMM. 
REQUIRED 

FREE 

COMMUTATION 

- 

FREE 

COMMUTATION 

AUX.  COMM. 
REQUIRED 

Table  II.  Commutation  Methods  for  Steps 
Formed  by  the  y Function 


X Function 

A similar  approach  can  be  used  for  the  x function,  referring  to 
Figures  8e  through  8h.  Tables  II  and  III  summarize  commuta- 
tion methods  for  all  combinations  of  voltage  polarities  and 
current  flow  directions  for  the  y and  x functions,  respectively. 
Through  these  tabulations,  methods  can  be  visualized  for  re- 
organizing the  y and  x step  circuits  to  exploit  the  free  commu- 
tation approach. 

Hie  original  step  circuit  (Figure  9a)  can  be  modified  such  that 
one  half  of  the  step  thyristors  are  connected  to  a free  commuta- 
tion bus  and  the  other  half  connected  to  an  auxiliary  commuta- 
tion circuit  (Figure  9b).  Hie  new  step  circuit  improves  system 
efficiency  by  eliminating  four  diodes  and  by  setting  up  current 
paths  that  bypass  the  commutation  transistors  one-half  the  time. 
Hie  schematic  diagram  in  Figure  10  shows  the  improved  step 
commutation  incorporated  into  the  inverter  breadboard  circuit. 

Hie  new  step  circuit  is  a continuation  of  the  trend  toward  re- 
ducing the  number  of  power  semiconductors  required  to  pro- 
duce 5%  total  harmonic  content,  three-phase  voltages.  Figure 
11,  for  example,  shows  that  72  power  semiconductors  (thyris- 
tors, diodes,  and  transistors)  were  required  in  1969.  As  studies 
on  the  inverter  progressed,  the  requirement  steadily  decreased 
to  where  only  28  will  be  used  in  1974.  This  reduction  is  achiev- 
able by: 

• Using  reverse  conducting  thyristors  in  place  of  thyristor- 
bypass  diode  combinations. 


• Reducing  the  number  of  voltage  steps  on  the  autotrans- 
former 

• Phase  shifting  the  inverter  current  so  that  zero  current 
flows  in  the  auxiliary  commutation  step  circuits  so 
that  only  free  commutation  is  needed. 


(Positive  Current  — •- ) 

Figure  8 (Cont.).  Basic  Thyristor  Step  Forming  Circuits 


X FUNCTION 


STEP  TRANSFORMER 
VOLTAGE  POLARITY 


Table  111.  Commutation  Methods  for  Steps 
Formed  by  the  x Function 
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REQUIRED 

AUX.  COMM. 
REQUIRED 

FREE 

COMMUTATION 

Figure  9b.  Improved  Step  Forming  Circuit 
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Figure  10.  Improved  12.5  kVA  Inverter  Breadboard  Circuit 


Elimination  of  the  auxiliary  commutation  circuits  and  the 
associated  step  thyristors,  as  suggested  in  the  third  point, 
would  account  for  12  of  the  semiconductors  eliminated.  Hie 
penalty,  however,  is  greater  capacitance  required  at  the  inverter 
output.  That  is,  at  400  Hz  the  circuit  is  cost  effective,  but  at 
60  Hz  the  cost  of  added  capacitors  exceeds  that  of  the  replaced 
thyristors.  Hie  waveform  quality  achievable  with  this  circuit  at 
400  Hz  three-phase,  full  load  is  shown  in  Figure  12.  Total  har- 
monic content  for  die  illustrated  waveform  is  0.95%.  Total 
harmonic  content  at  no  load  is  approximately  3%. 


figure  II.  Number  of  Inverter  Power  Semiconductor! 
Required  to  Produce  Three-Phase 


Figure  12.  Output  Voltage  Produced  by  the  Improved  Circuit. 


Table  IV  provide*  preliminary  design  estimates  of  size  and  weight 
for  the  inverters  rated  at  15  kVA  for  the  MERDC-required  com- 
binations of  frequencies,  three-phase  and  single-phase  operation. 
The  efficiency  of  these  inverters  will  exceed  90%  for  three-phase 
operation  and  84%  for  single-phase  operation. 


This  was  followed  by  fabrication  of  experimental  step  circuits 
which  demonstrated  the  possibility  of  achieving  considerably 
higher  inverter  ratings.  For  60  Hz  inverters,  step  currents  of 
1,000  amperes  — sufficient  for  a 100  kVA  system  — were  com- 
mutated. Thus  far,  commutation  of  step  currents  of  300  amperes 
has  been  demonstrated  for  400  Hz  inverters. 


POWER  RATING 


15  KVA  3 PHASE,  400  H? 


15  KVA  3 PHASE,  400  or  60  HZ 
OR 

10  KVA  1 PHASE,  400  or  60  HZ 


AUXILIARY 

COMMUTATION 

CIRCUIT 


Table  IV.  Preliminary  Weight  and  Volume  Estimates 


REPLACING  TRANSISTORS  WITH  THYRISTORS 


Advantages  of  employing  transistor  starvation  commutation  of 
step  thyristors,  compared  to  typical  thyristor  commutation  cir- 
cuits, are  that  it  requites  virtually  no  energy  storage  in  inductors 
or  commutation  capacitors,  has  low  switching  losses,  and  is 
capable  of  shorter  voltage  step  widths  (because  of  faster  switch- 
ing capability).  Disadvantages  are  its  power  limitation  (about 
30  kVA),  higher  cost,  and  need  for  Zener  diodes  to  provide 
transistor  transient  voltage  protection.  Starvation  commutation 
is  also  difficult  to  achieve  with  high  current  transistors  or  parallel 
transistor  combinations. 


Figure  13.  Step  Changing  Circuit  Using  Thyristor 
Reverse  Voltage  Commutation 

Current  is  transferred  from  one  voltage  level  to  another  by  a two- 
step  commutation  sequence.  Assume  that  in  Figure  13  thyristors 
SCR2  and  SCRa  are  conducting  current  to  the  load,  that  the 
transformer  polarity  is  positive,  and  that  capacitor  C is  charged 
as  indicated.  In  order  to  transfer  the  losd  current  to  level  1, 

SCRb  and  SCR1  ate  gated  on.  The  discharge  of  capacitor  C re- 
verse biases  SCRa  and  turns  it  off.  SCR  2 is  turned  off  by  the 
reverse  voltage  ring  up  of  capacitor  C which  leaves  it  properly 
charged  for  the  next  step  change  to  level  0.  Load  current  con- 
tinues to  flow  through  SCR1  and  SCRb. 


By  reorganizing  the  step  forming  circuit  it  became  possible  to 
directly  substitute  a thyristor  reverse  voltage  commutation  cir- 
cuit (Figure  13)  for  the  transistor  starvation  commutation  circuit. 


The  Delco  breadboard  inverter  is  an  example  of  the  Army- 
sponsored  development  of  dc  link  technology  to  obtain  a family 
of  compact,  lightweight,  and  efficient  power  conditioners.  Ex- 
periments have  demonstrated  the  feasibility  of  extrapolating  the 
present  Delco  technology  to  the  100  kVA  level  by  replacing 
transistor  commutation  circuits  with  thyristors.  Through  use  of 
innovative  switching  to  obtain  desired  waveshapes,  it  is  possible 
to  significantly  reduce  componentry  and  circuit  complexity  and 
improve  reliability. 
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SINGLE  PHASE  PERFORMANCE  SUMMARY  FOR 
C 12.5  kVA,  THREE-PHASE  BREADBOARD  INVERTER 


Figure  14a.  Single-Plume,  400  He,  No  Load-Full  Load 
Voltage  Transient/ 


Figure  14b.  Single-Phase,  60  Hz,  No  Load-Full  Load 
Voltage  Transients 


Voltage  Modulation 

Lea*  than  3 ralta 

Truant  Volta**  Performance 
(Singla  Phan) 

With  tha  inrartar  ayatam  initially  operating  at  no  load,  rated  rolta**,  and  at 

lagging  load  harin*  an  impadanca  of  0.5  par  unit  waa  applied  to  the  output 
tanninala  of  tha  eat.  Tha  output  roltag*  jumped  to  120*  rated  roll**  whan 
the  load  waa  ramorad.  Teat  not  conducted  at  M Hz. 

With  tha  ayatam  oparatin*  at  400  Hz  and  rated  raltaga,  a atap  change  in  load 
bom  no  load  to  10  kW,  0.8  PF  canard  tha  output  rohnge  to  drop  to  81%  of 
rated  roltag*.  Ramoral  of  tha  load  cauaad  tha  output  rolta**  to  jump  to  118% 
of  rated  roitaga  (Sea  Figure  14a.). 

Under  tha  aama  condition*  aa  abora  but  with  tha  inverter  operating  at  60  Hz, 
Ih*  output  rolta**  dropped  to  70%  rated  ralue  when  the  load  waa  applied, 
and  increaaad  to  130%  whan  tha  load  waa  mooted.  (Sae  Figure  14b.) 
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